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We report on dc and microwave experiments of the low-dimensional organic conductors (TM- 
TSF)2PF6 and (TMTSF)2C104 along the a, b' , and c* directions. In the normal state of (TM- 
TSF)2PF6 below T = 70 K, the dc resistivity follows a power-law with pa and proportional 
to while pc» oc T. Above T = 100 K the exponents extracted from the data for the a and 
c* axes are consistent with what is to be expected for a system of coupled one- dimensional chains 
(Luttinger liquid) and a dimensional crossover at a temperature of about 100 K. The b' axis shows 
anomalous exponents that could be attributed to a large crossover between these two regimes. The 
contactless microwave measurements of single crystals along the fc'-axis reveal an anomaly between 
25 and 55 K which is not understood yet. The organic superconductor (TMTSF)2C104 is more a 
two-dimensional metal with an anisotropy pa/pt' of approximately 2 at all temperatures. Such a low 
anisotropy is unexpected in view of the transfer integrals. Slight indications to one-dimensionality 
are found in the temperature dependent transport only above 200 K. Even along the least conducting 
c* direction no region with semiconducting behavior is revealed up to room temperature. 

PACS numbers: 71.71.Hf, 71.71.Pm, 74.70.Kn, 71.27.~(-a 



I. INTRODUCTION 

The properties of quasi one-dimensional conductors are 
of particular interest from a theoretical point of view, 
because in one dimension electron-electron interactions 
lead to a break-down of the Fermi-liquid picture estab- 
lished half a century ago by Lev Landau UL B- A de- 
scription by a Tomonaga-Luttinger liquid [j, |^ seems 
to be more appropriate implying a number of very dis- 
tinct features like spin-charge separation and power-laws 
in certain quantities |^ 0]. While the theory of one- 
dimensional electronic systems was pu t forward by nu- 
merous contributions H, ^> 0| during the last 
decades, the experimental realization is only tackled since 
a few years. Attempts in the field of semiconductor quan- 
tum wires, edge states and stripe phases in the quantum 
Hall effect, carbon nanotubes, and rows of metal atoms 
on vicinal surfaces have been successful to some degree. 
In particular the quasi one-dimensional organic conduc- 
tors of the Bechgaard family (12, 13, 14] serve as model 
systems to test the theoretical predictions. These com- 
pounds are charge transfer salts consisting of stacks of 
the planar organic molecules TMTSF (which stands for 
tetramethyltetraselenafulvalene) along the a-axis which 
are separated in c-direction by monovalent anions like 
PFg" , AsFg" , Re04 , or ClOj . In 6-direction the distance 
of the stacks is comparable to the van der Waals radii. 
Most prominent findings are the reduced density of states 
at the Fermi energy as indicated by photoemission spec- 
troscopy [3 J the c-axis trans por t investigated by pres- 
sure dependent dc resistivi ty [161 . the scaling behavior 
in the optical conductivity |17|. the Hall effect 0, 0| , 
and finally indications of spin-charge separation by the 



similarity in the spin dynamics '20'| and thermal conduc- 
tivity ^ for TMTSF and TMTTF salts although the 
electronic transport is very much different; for a review 
see Ref. j^. 

Real materials always have a finite coupling between 
the chains, no matter how anisotropic they are. The 
question arises whether the Luttinger liquid effects can be 
observed in quasi one-dimensional systems. The general 
expectation is that these compounds cross over from Lut- 
tinger liquid behavior to a coherent behavior as the tem- 
perature or frequency is lowered 23, _24, 25, 26, 27, ,28|; 
the details, however, are still under debate. For a quasi 
one-dimensional system with coupling tc tb ^ ta, 
the effective dimensionality depends on the energy range 
of interest: at low temperatures (fcsT < tc) the sys- 
tem is three-dimensional and only at elevated temper- 
atures {ksT > th) or high frequencies {huj > one- 
dimensional properties are expected. In the case of the 
Bechgaard salts, for instance, the transfer integrals are 
approximately ta : h : tc — 250 meV : 20 meV : 1 meV, 
so the bare crossover integral should be of the order of 
200 K. Although it was initially believed ^] based on 
NMR data that this scale would be renormalized by in- 
teractions down to 20 K, the more recent optical and 
transport measurements place 0, this scale at about 
100 K. 

Only very recently attempts were undertaken to de- 
scribe a system of weakly coupled Luttinger chains and 
actually focus on the interchain transport j2^ l2^ I3(tI |. 
From an experimental point of view, measurements of 
quasi one-dimensional organic samples in the direction 
perpendicular to the needle axis are extremely challeng- 
ing and only very few results on TMTSF salts have been 
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published [Ullllllllllslllllsilll- Here we report 
on temperature dependent do and contactless microwave 
measurements of the electrical conductivity in all three 
directions of (TMTSF)2PF6 and (TMTSF)2C104. 



II. EXPERIMENTAL DETAILS 

Single crystals of the Bechgaard sahs (TMTSF)2.'^ are 
grown by electrochemical methods in an H-type glass cell 
between room temperature and 0°C. A constant volt- 
age of 1.5 V was applied between platnium electrodes 
with an area of approximately 3 cm^. The current 
through the solution was between 9.2 and 13.4 /j,A. To 
reduce the diffusion, a sand barrier can be introduced. 
After several months we were able to harvest needle- 
shaped to flake-like single crystals of several millimeters 
in length and a considerable width (6'-direction) up to 
2 mm. Due the triclinic symmetry, b' denotes the pro- 
jection of the b axis perpendicular to a, and c* is normal 
to the ab plane. The dc resistivity of (TMTSF)2PF6 
along the o-axis was measured on needle-shaped samples 
with a typical dimension of 2 mm x 0.5 mm x 0.1 mm 
along the a, b', and c* axes, respectively. The results 
on the 6'-axis conductivity were obtained on a narrow 
slice cut from a thick crystal perpendicular to the nee- 
dle axis; the typical dimensions of so-made samples were 
a X b' X c* = 0.2 mm x 1.3 mm x 0.3 mm. Single crys- 
tals of (TMTSF)2C104 have about the same size in a and 
b' directions (they grow even wider since they are more 
two-dimensional), however, the thickness (c* axis) rarely 
exceeds 50 or 60 /zm. Due to our advances in achieving 
large sample geometry, we were able to measure 6'-axis 
resistivity for the first time with basically no influence of 
the a and c* contributions and using standard four-probe 
technique to eliminate the contact resistances. Also for 
the c*-axis transport, we were able to apply four contacts, 
two on each side of the crystal. The contacts were made 
by evaporating gold pads on the crystal, then 25 fim gold 
wires were pasted on each pad with a small amount of 
silver or carbon paint. The (TMTSF)2PF6 samples were 
slowly cooled down to avoid cracks and ensure a thermal 
equilibrium. In the case of (TMTSF)2C104 we conducted 
experiments in the relaxed state using a slow cooling 
rate of less than 0.2 K/min. Employing a '^He cryostat, 
we cooled down below the superconducting transition at 
Tc « 1.1 K. In order to reach the quenched state, the 
crystal were cooled down rapidly from about 50 K with 
a rate of more than 50 K/min and the data were subse- 
quently recorded on warming up. 

Besides dc experiments we investigated the anisotropic 
transport of (TMTSF)2PF6 and (TMTSF)2C104 single 
crystals in all three directions at microwave frequencies. 
The major advantage of this method is that no contacts 
have to be applied. They always lead to a current in- 
jection which is not well defined; it cannot be avoided 
that the contact pads required for dc experiments influ- 
ence the current flow. It is not always clear which part of 



the bulk material actually carries the current and which 
part is probed for the voltage drop. Also surface currents 
may have a large influence in highly anisotropic conduc- 
tors. In microwave experiments the dielectric response of 
the entire sample is integrated; admittedly other factors, 
like the geometry, the depolarization factor or skin effect 
cause uncertainties. 

For measuring the microwave conductivity in a- 
direction we employed naturally grown needles of typ- 
ical dimensions of 1 mm x 0.2 mm x 0.2 mm, in the 
case of (TMTSF)2PF6-crystals, for instance. Since a 
needle-like geometry is best also for precise microwave 
measurements, we again cut a slice (a x 5' x c* = 
0.2 mm X 1.2 mm x 0.2 mm) from a thick single crys- 
tal to measure in b' direction. In order to perform 
microwave experiments along the c* axis, we carefully 
cut a crystal into several pieces (approximately cubes 
of 0.2 mm corner size) and arranged up to four as a 
mosaic in such a way that a needle-shaped sainple of 
about 0.2 mm x 0.2 mm x 0.8 mm was obtained [33. In 
the case of (TMTSF)2C104 we had to assemble eleven 
thin pieces on top of each other to obtain a mosaic of 
a X 6' x c* = 0.15 mm x 0.2 mm x 0.66 mm |39j . 

The microwave experiments utilize three different 
cylindrical copper cavities which resonate in the TEqh 
mode at 24, 33.5, and 60 GHz. They are fed by voltage- 
driven Gunn oscillators via suitable waveguides and op- 
erate in the transmission mode. The coupling is about 
10% and done via two holes in the sidewalls. The crystals 
are positioned in the maximum of the electric field placed 
onto a quartz substrate (0.07 mm thick) and can be ro- 
tated in situ around one axis. The samples were cooled 
down slowly (0.2 K per minute, to avoid microcracks) 
from 300 K to 2 K by coupling to the liquid helium bath 
with the help of low-pressure He exchange gas and by uti- 
lizing a regulated heater. Temperatures as low as 0.7 K 
could be achieved with a special cavity attached to a '^He 
chamber 40]. The stability is better than 10 mK 
By recording the center frequency / and the halfwidth F 
of the resonance curve as a function of temperature and 
comparing them to the corresponding parameters of an 
empty cavity (/o and Fq), the complex electrodynamic 
properties of the sample, like the surface impedance, the 
conductivity and the dielectric constant, can be deter- 
mined via cavity perturbation theory; further details on 
microwave measurements and the data analysis are sum- 
marized in [4H . The microwave experiments on (TM- 
TSF)2C104 using a fast cooling rate of approximately 
12 K/min (in order to prevent the tetrahedral anions to 
order) could not fully achieve the quenched state, but in 
some runs we still see slight bumps in the resistivity at 
the ordering temperature of Tao — 24 K. Thus we con- 
centrate here on the relaxed state obtained by cooling 
with less than 0.2 K per minute; in this case the spin- 
density-wave state does not show up below Tsdw ~ 6 K 
■42] . Since for 60 GHz no complete set of data is available 
and no unexpected fact are found by now, we will disre- 
gard these experiments and focus on 24 and 33.5 GHz. 
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FIG. 1: Overall behavior of the temperature dependent dc 
resistivity of a (TMTSF)2PF6 single crystal along the three 
crystallographic axes a, b' , and c*. 



III. RESULTS AND ANALYSIS 
A. (TMTSF)2PF6 

1. DC Resistivity 

The temperature dependent dc resistivity for all three 
directions is displayed in Fig. ^ The a-axis transport of 
(TMTSF)2PF6 is metalHc above Tsdw = 12 K with a 
change in slope around 100 K. At high temperatures it 
can be fitted to a Pa{T) ~ T^'^ power-law, while for T < 
70 K the a-axis resistivity follows the law po + AT^, as 
can be nicely seen in the inset of Fig.|2 For our samples, 
values of po = 1.1 x 10"'* flcm and A = 0.2 ^HcmK"^ 
are found; the low residual resistivity pa together with 
a large resistivity ratio P3ook/P20k indicate a very high 
crystal quality. The behavior agrees well with previously 
published data E IH HI El Q . 

To our knowledge, there are only two reports jl9l IsH 
on dc measurements of the 6'-axis conductivity of (TM- 
TSF)2PF6 crystals; as a matter of fact both strongly 
contradict each other. Our findings arc in very good 
agreement with the recent report of G. Mihaly et al. 0| 
where the Montgomery method was employed. As plot- 
ted in Fig. 121 the resistivity in the intermediate h' direc- 
tion shows a metal-like behavior; p},i (T) decreases almost 
as steeply as Pa{T). The kink in pi,> (T) shows up at some- 
what higher temperatures: it follows the dependence 
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FIG. 2: Temperature dependence of the dc resistivity of (TM- 
TSF)2PF6 measured along the a (open squares), b' (open cir- 
cles), and c* (solid circles) directions. Note the resistivity 
scales for the three axes. The inset depicts the depen- 
dence of the resistivity below 100 K. Below 65 K, pc* (T) can- 
not be described by a quadratic dependence; instead it follows 
a Pc* (T) oc T behavior. 



Pb. (T) cx T°-^^ between 300 and 200 K and changes to 
the power-law upon further cooling down to 60 K. 

Below that temperature it can be perfectly described by 
a quadratic temperature dependence: Pb'{T) oc as al- 
ready found for the a axis (see inset of Fig.|21). In Fig. 13 
the ratio of pb' / Pa is plotted as a function of tempera- 
ture for both compounds. For (TMTSF)2PF6 the ratio 
is basically constant at higher temperatures above 50 K. 

For the least conducting direction, pc* [T) increases by 
about a factor of 1.5 when going from room temperature 
down to 90 K (Fig. |2J|. Although no clear power-law is 
found, the behavior above 100 K may be approximated 
by Pc*{T) oc T-"-2. Below 90 K, p^-iT) falls rapidly be- 
fore turning upwards again below 15 K due to the spin- 
density-wave transition. In the temperature range be- 
tween 35 and 65 K it follows a metallic behavior with 
Pc* {T) oc T. Our findings in the c* direction are consis- 
tent with previous results El in 113. The anisotropy 
ratio pc* / Pa (depicted in the inset of Fig. |2Jl increases 
continuously by a factor of 100 as the temperature is 
lowered to Tsdw and finally reaches almost 10^. Again 
fluctuation effects are seen above the transition. 

In order to be able to directly compare our results p(T) 
recorded at ambient pressure with the theoretical models 
for constant-volume p^^' (T) dependence, we converted 
our experimental data utilizing a procedure as it was 
previouslysuggested for (TMTSF)2A and (TMTTF)2A 
salts [lH33- The ambient-pressure unit cell at 16 K was 
taken as reference unit cell; when the temperature T in- 
creases, a certain pressure p (depending on the thermal 
expansion and the compressibility) must be applied (at a 
given T) in order to restore the reference volume. Since 
in the metallic phase pa varies by 10% per 1 kbar [T^IT^ 
for all T values above 50 K, the measured resistivity pa is 
then converted into a constant-volume value pi^'' using 
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FIG. 3: Temperature dependence of the anisotropy of the 
dc resistivity pi,i j pa of the Bechgaard salts. The inset show 
the temperature dependence of the anisotropy pc* I pa- The 
upper frame corresponds to (TMTSF)2PFb while the data of 
the lower frame are taken on (TMTSF)2C104. 



the expression pi^^ = Pa/ (l + p • O.lkbar ^) |4i|. The 
analogous procedure using 10%kbar~^ and the appropri- 
ate thermal expansion can be applied for the perpendic- 
ular direction in order to get p^^^ . It is not clear whether 
this is also a legitimate procedure with respect to the c* 
axis for which a different transport mechanism applies 
and the variation with pressure is not the same for all 
temperatures. Hence we restrained ourselves from apply- 
ing a similar transformation to the c*-axis data without 
knowing the exact results. 

At low temperature, T < 50 K, both the thermal ex- 
pansion and the pressure coefficient are small [TsL l46l| . 
Therefore, the constant-volume temperature dependence 
of the resistivity does not deviate from the quadratic law 
observed under constant ambient pressure. In general, 
the constant-pressure to constant- volume corrections has 
the consequence that the temperature behavior of the dc 
resistivity yields reduced power-laws, as can be seen from 
Fig. 21 Along the chain axis, the constant-volume resis- 
tivity follows the power-law pi^''(T) cx T^-^^ from room 
temperature down to 100 K and lower. The temperature 
dependence of the transverse 6'-axis constant- volume re- 
sistivity does not follow a single power-law. Nevertheless, 
the slope may be approximated by p^^ (T) cx T'^'^^ and 
by pD^\t) cx T"-^^ in the temperature ranges 200 K < 
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FIG. 4: Log-log presentation of the temperature dependent 
dc resistivity of (TMTSF)2PF6 in c* direction: pc* (T) refers 
to the right axis. Along the a and b' direction the resistivity 
normalized to constant volume, pi^' (T) and p^^' (T) , is plot- 
ted corresponding to the left axis. The straight lines indicate 
to the power-laws. 



T < 300 K and 150 K < T < 200 K, respectively. 



2. Microwave Experiments 

Since (TMTSF)2PF6 is highly conducting along the a 
direction, the data analysis is done in terms of the sur- 
face resistance Rs and the surface reactance Xs, assum- 
ing that the skin-depth is much smaller than the sam- 
ple dimension Our measurements are performed at 
microwave frequencies for which we expect the Hagen- 
Rubens limit {lot <^ 1) to be appropriate for our analysis; 
this was also the case in previous investigations 'Jf] . In- 
deed, the temperature dependence of the relative change 
of the halfwidth Ar/2/o — Rs and the center frequency 
— A///o = Xs + C have the same profile over the wide 
temperature range, as depicted in Fig. [SJi. This is a 
strong proof that along the a-direction the organic con- 
ductor (TMTSF)2PF6 is in the Hagen-Rubens limit at 
microwave frequencies, and the surface resistance Rs and 
the surface reactance Xs (given in units of the free space 
impedance Zq = Air/c — 377 fl) have equal absolute val- 
ues within an additive constant C introduced when the 
cavity is disassembled in order to mount the sample. Be- 
low 12 K the metallic behavior vanishes since (TMTSF)2- 
PFg enters the spin-density-wave state. From the surface 
impedance the calculation of the complex conductivity 
CTi + is straight forward jl^ : 



(Tl = 



(72 



fpRsXs 



-s ^ ^1)^ ' 
/o {Xg - 
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The results obtained for (TMTSF)2PF6 at 33.5 GHz are 
plotted in Fig. |H| Most obvious, the resistivity ratio 
P300k/P20K is smaller by a factor of 5 in the microwave 



5 



0.04 



o 0.00 

H — 

<M 

< 

6-0.24 
-0.28 



a 

co 

w 



0.04 - 



0.02 



0.00 




Half width 
Ar/2fo 



-Center 
frequency 



a direction- 



Surface • 
resistance • 

Rs 

Surface 
reactance 

Xs , 



(b) 



(TMTSF)2PF6 




b' direction 



10 

Temperature (K) 



100 



O 
(M 

1: 



^-2x1 0"2 



a 

co 



CC 



0.005 



0.004 



0.002 



- Ar/2fo 


(c). 


^ -Af/fo 
Af/fo-C 


C 


a direction 

1 ■ 1 1 ■ 




(d). 


(TMTSF)2CI04 , 


; Xs 






b' direction 
■ 1 



10 

Temperature (K) 



100 



FIG. 5: (a) The shift in center frequency —Af/fo and the 
halfwidth Ar/2/o temperature profiles of a microwave cavity 
measurement performed at 33 GHz on a (TMTSF)2PF6 single 
crystal along the a-axis. By adding a constant value C to the 
frequency shift —Af/fo both curves fall on top of each other 
over a broad temperature range 12 K< T <150 K. This im- 
plies that the Hagen-Rubens approximation applies at these 
temperatures: Rs = Ar/2/o ~ Xs = -Af/fo. (b) Also 
in the b' direction, the surface resistance Rs and the reac- 
tance Xs show the same temperature behavior, as expected 
for a metal in the Hagen-Rubens limit, (c) Accordingly the 
temperature dependent shift of —Af/fo and Ar/2/o of (TM- 
TSF)2C104 along the a direction, and (d) the temperature 
dependence of the Rs and Xs along the b' direction of (TM- 
TSF)2C104 measured at 24 GHz. Since the crystals remain 
metallic the Hagen-Rubens condition is always fulfilled. 
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FIG. 6: Temperature dependence of the microwave resistivity 
of (TMTSF)2PF6 along the a, b' , and c* crystallographic axes, 
measured at 24 and 33.5 GHz. 



range compared to the do results; this observation was 
confirmed by a number of different crystals. 

For the analysis of our data measured along the h' di- 
rection, i.e. perpendicular to the stacks, we use the same 
arguments as for the a direction. From the dc conductiv- 
ity measurements on (TMTSF)2PF6 we have found that 
Pb' is in the order of 0.1-1 Jlcm, which gives us a value for 
skin depth of 0.1 mm at 33.5 GHz. Thus we expect the 
system to be in the skin-depth regime along the h' direc- 
tion, at least in the normal state. Again we find that a 
good accordance of the surface resistance and surface re- 
actance, as depicted in Fig.jSjs. The temperature behav- 
ior of the 6'-axis conductivity of (TMTSF)2PF6 probed 
at 33.5 GHz differs from the dc conductivity along this 
axis. As can be seen at the enlargement plotted in Fig.[7| 
the profile of the microwave transport exhibits a change 
from the metallic behavior to a semiconductor-like be- 
havior for T < 50 K. Below a minimum at around 15 to 
20 K, pf,/ (T) becomes metal-like on further cooling down 
to TsDW = 12 K, where the SDW transition evidences. 
This unusual behavior is robust: it has been observed 
on a large number of different samples and in general 
coincides with previous results of 16.5 GHz-conductivity 
measurements on (TMTSF)2PF6 along the b' direction, 
which were performed on mosaics |34| . By now it is not 
clear whether the slight shift to lower temperatures with 
increasing frequency is significant or not. The Sherbrooke 
group reports some sample dependence as far as the de- 
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FIG. 7: Enlargement of the temperature dependent mi- 
crowave resistivity of (TMTSF)2PF6 along the b' axis. 



tailed shape is concerned. 

The dc experiments performed along the c* axis of 
(TMTSF)2PF6 yield room temperature values around 
Pc' = 50 f2cm, leading to a skin depth much larger than 
the sample size. Therefore the data on frequency shift 
and change of linewidth taken along the c* direction of 
(TMTSF)2PF6 were analyzed according to the depolar- 
ization regime The results obtained on the mosaic 
assembled from two, three and four cubes coincide per- 
fectly except for the temperature range between 15 and 
40 K where the large sample volume with high losses 
caused an overload of the cavity and we could only use 
the data of the two-block mosaics [s^ • The overall tem- 
perature behavior of the c*-axis microwave conductivity 
of (TMTSF)2PF6 shown in Fig. is in good agreement 
with the dc conductivity data along this direction, except 
for the temperature region above 80 K, where a slightly 
semiconducting behavior was observed in the dc results, 
while the 33 GHz conductivity is almost temperature in- 
dependent in this temperature region. 

Following the measurement procedure and data anal- 
ysis described above for our 33.5 GHz experiments, we 
conducted microwave cavity perturbation measurements 
also for 24 GHz. The results plotted in Fig.|Hlconfirm our 
findings in any regard; which is not surprising, since the 
measurement frequencies are too close to expect a signifi- 
cant frequency dependence. The only point to be noticed 
is the slightly reduced ratio p(15K)//9(3GGK) along the b' 
direction when going to 33.5 GHz. 



B. (TMTSF)2C104 

1. DC Resistivity 

In Fig. 121 the temperature dependence of the dc trans- 
port of (TMTSF)2C104 is plotted for all three direc- 
tions in the relaxed and the quenched state; no results 
of all three orientations have previously been published 
by other groups. K. Murata et al. [3g give a room- 
temperature anisotropy ratio of pa : pv ■ Pc* ~ 1 : 23 : 



900; their absolute values are in agreement with our find- 
ings. A temperature dependence of the a and c* direc- 
tion similar to our results was reported by L. Forro et 
al. |37j| . Surprisingly we observe a very low anisotropy 
Pb' / Pa, even at room temperature (Fig.lSJ. Depending on 
the cooling rate, a clear difference in the low-temperature 
resistivity pa(T), Pb'{T) and pc*{T) is found below the 
anion ordering temperature Tao = 24 K. If cooled down 
slowly with a rate of approximately 0.2 K/min, the re- 
laxed state is reached for which the metallic conductivity 
continues until the superconducting state is entered at 
Tc = 1.1 K j43|. In all three directions, a significant 
change in slope p(T) can be detected around Tao, with 
only little change in the b' direction. Interestingly, while 
the resistivity ratio pc* / Pa increased strongly by a fac- 
tor of 50 with decreasing temperature for (TMTSF)2PFg 
(Fig. 0), in the case of (TMTSF)2C104 the anisotropy 
remains constant down to about 150 K and becomes 
smaller at lower temperatures. 

Along the chains, the resistivity follows a Pa{T) oc T^-^ 
law in the temperature range 25 K < T < 180 K; below 
15 K a linear and even sub- linear behavior is found in 
the relaxed state. Above 200 K the resistivity increases 
more slowly with temperature, following approximately 
210.43 rjnj^g transverse resistivity Pb'(T) depends linearly 
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FIG. 8: The dc resistivity of a (TMTSF)2C104 single crystal 
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pressure resistivity in c* direction; along the a and h' direc- 
tion the data are normalized to constant volume: pi^' (T) and 
P^r'(r). The straight lines correspond to the power-laws as 
indicated. 



on temperature above 70 K; in the intermediate range 
(20 K < T < 70 K) a T^-^s behavior is observed; the low- 
temperatm'e resistivity (T < 10 K) can be approximated 
by pv{T) oc A similar slope of Pc*(T) oc T^-^ ob- 

served for the least-conducting direction; above Tao up 
to 50 K, the resistivity follows a T^ '^'^ power-law, which 
increases to T^-^^ for 50 K < T < 150 K. Similar to 
the a direction, above 200 K pc* (T) exhibits a very slow 
temperature dependence of T'^ '^^ . 

Following the reasoning given above, we tried to trans- 
form the ambient-pressure results to values of the temper- 
ature dependent resistivity at constant volume: pi^'(r), 

p[r^(T) and Pc* (T) are plotted in Fig. |5| This attempt 
is hampered by the lack of pressure dependent data on 
the lattice parameter and the resistivity for (TMTSF)2- 
CIO4; thus we had to go back and use the transformation 
procedure apphed for (TMTSF)2PF6. Along the chains 
we find p'^\t) oc T^-^^ from the anion ordering tem- 
perature Tao = 24 K up to almost 200 K; the behavior 
is temperature independent above. The 5'-axis response 
reveals a change in slope around 75 K for lower temper- 
atures pD^\t) oc yi is -yirhile above the power-law de- 
creases to rO ''5. 



2. Microwave Experiments 

As far as we know, this is the first microwave investi- 
gation performed on (TMTSF)2C104 in all three crystal- 
lographic directions. The data along the b' axis shown 
in 32J arc based on the room-temperature anisotropy re- 
ported by K. Murata et al. [s^ and the Hagen-Rubens 
assumption. The analysis of our microwave data ob- 
tained on (TMTSF)2C104 by cavity perturbation tech- 
nique follows the procedure described above for our mea- 
surements on (TMTSF)2PF6. Along the a and b' axes 
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FIG. 10: Temperature dependent microwave resistivity of 
(TMTSF)2C104 along the a, b' , and c* crystallographic axes, 
measured at 24 and 33.5 GHz. The data are taken in the 
relaxed state. 



the skin depth is much smaller than the sample size due 
to the high conductivity and thus the analysis is done 
via the surface impedance (Figs. [3; and d). Along the 
least conducting c* axis, the quasi-static depolarization 
regime applies |4l| . 

As seen from Fig.^1 the microwave resistivity exhibits 
a metallic temperature dependence in all three orienta- 
tions, although the absolute values are very much differ- 
ent. The temperature dependence of the anisotropy ra- 
tios pb' I Pa and pc' I Pa obtained at microwave frequencies 
is very similar the dc results plotted in Fig. 13 Between 
the a and b' axes the anisotropy is basically temperature 
independent and approximately pw / Pa — 2. The ratio to 
the c*-direction is more than three orders of magnitude 
and decreases linearly by a factor of 10 when the tem- 
perature decreases below 150 K. Thus (TMTSF)2C104 
resembles a two-dimensional metal much more than a 
one-dimensional. These findings are supported by optical 
studies on (TMTSF)2C104 which reveal that the spectral 
weight of the zero-energy mode is almost isotropic for the 
a-b plane, while for the c* direction no Drude contribu- 
tion was revealed 1^3 ■ 

Along the a and b' axes some of the samples exhibit 
a behavior all the way down to 30 K, with no kink 
observed as known from (TMTSF)2PF6. The c* resistiv- 
ity follows a Pc' iT) oc T2 behavior for T > 30 K with 
decreasing slope above 130 K. In no temperature regime 
a semiconducting behavior is found. The anion ordering 
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at Tao = 24 K leads to a slight drop in resistivity with 
decreasing temperature. For the a and b' directions the 
resistivity in the range of lower temperatures is close to 
linear, but does not follow a power-law convincingly. 

IV. DISCUSSION 

Our results give clear evidence that neither (TM- 
TSF)2PF6 nor (TMTSF)2C104 can simply be labelled a 
one-dimensional metal. The coupling in the b' direction 
between the chains has to be considered. From a theoreti- 
cal point of view, the transport properties of coupled one- 
dimensional chains have been investigated [llL I2R Isoj . 
Due to the interactions the effective interchain hopping 
is renormalized j^], leading to a smaller crossover scale 
than that for free electrons. A simple expression for this 
crossover scale isE* o^t (tj./t)'/^'""^ = ti_ {t^/tf'^^-''^ 
where a is the single-particle exponent. For commensu- 
rate chains a more complex analysis is needed to deter- 
mine E* (see e.g. Ref. pc^). 

The conductivity parallel \Va to the chains a\\ and 
the conductivity perpendicular |28l Isoj to the chains a±_ 
were calculated in a system of weakly coupled Luttinger 
chains. It was found that the interchain hopping is re- 
sponsible for the metallic character of the (TMTSF)2X 
compounds, which would be otherwise Mott insulators. 
The temperature-dependent transport yields a power-law 
for the longitudinal and transverse resistivity, respec- 
tively: 

Pl|(T)«(gi/4)'Ti6^^-^ (3) 



Pi(T)ocTi-2« (4) 

where is the coupling constant for the umklapp- 
scattering process with 1/4 filling, Kp is the Luttinger- 
liquid exponent controlling the decay of all correlation 
functions {Kp — 1 corresponds to non-interacting elec- 
trons and Kp < 0.25 is the condition upon which the 
1/4 filled umklapp process becomes relevant), and a = 
1/4 {Kp + l/Kp) — l/2 is the Fermi-surface exponent. For 
the frequency-dependent transport the conductivity par- 
allel and perpendicular to the chains is given by power- 
laws: 

oc cji^^''-^ (5) 



cri(w) oc w^"-! (6) 

Optical experiments onn:MTSF)2PF6 and (TMTSF)2- 
CIO4 along the chains [13 yield Kp — 0.23 in both cases. 
We now want to see whether we can describe the temper- 
ature dependent longitudinal and transverse transport 
in both compounds consistently. In that respect (TM- 
TSF)2PF6 and (TMTSF)2C104 have to be distinguished. 



A. (TMTSF)2PF6 

Indeed (TMTSF)2PF6 shows a quite consistent be- 
havior with the above theoretical description, with a 
crossover scale of about E* « 100 K. Although (TM- 
TSF)2PF6 is highly anisotropic as far as the absolute 
values of the resistivity are concerned, the temperature 
dependence below T w 100 K is the same for the a and 
b' directions implying a similar transport mechanism. In 
Fig. O the ratios of pb'/pa are plotted as a function of 
temperature. Above 50 K the ratio for (TMTSF)2PF6 
is basically constant and corresponds to the bandstruc- 
ture anisotropy (this does not hold for the c*-direction 
as we will discuss below). Using Ata = 1.0 eV together 
with measured resistivity gives {ta '■ h : ic) ~ (250 : 
10 : 1) meV, which is quite close to the anisotropy 
{ta ■■ h : tc) = (250 : 17 : 0.75) meV as determined 
by P. M. Grant by band structure calculations The 
increase of pb' / Pa below 50 K is mainly caused by the 
transverse resistivity in 6' direction which levels off as 
the spin-density-wave transition at 12 K is approached. 
It is not clear at this point, however, whether fluctua- 
tions are solely responsible for this behavior since they 
are expected to dominate along the chains, pc* / Pa con- 
tinuously increases by a factor of 50 when going from 
room temperature to Tsdw- Since the temperature is al- 
ways larger than the tunnelling integral along the c* di- 
rection, the conductivity is always incoherent along this 
axis and measures in fact the tunnelling density of states 
between the planes. Below 70 K, the dc resistivity of 
(TMTSF)2PF6 follows a power-law pa, pv oc T"^, as ex- 
pected for a Fermi liquid with electron-electron scatter- 
ing, and pc* oc T. This last behavior is consistent with 
Eq. Q when the planes are in a Fermi liquid state since 
then a = 0. From the power-law pi^-* oc T^-^^ we found 
above T — 100 K the corresponding Luttinger-liquid ex- 
ponent can be calculated to be Kp — 0.22 by using Eq. (O 
and a = 0.69. This value is in good agreement with the 
optical data value (3| quoted above. For the c* direction 
we observe pc* oc T~°-^ quite consistent with Eq. I^J and 
the above value of Kp (which would lead to j"-0-29) ^j^g 

interpretation of p^^' is more complex since no simple 
power-law was found over the entire temperature range. 
However a change in the anisotropy behavior is clearly 
seen to take place above 100 K in Fig. |31 and the fit to 
a power-law in Fig. 0] shows a downturn of the exponent 
from 0.65 to 0.24. The data could thus be interpreted as 
due to a crossover regime between the low-temperature 
Fermi liquid one and the high-temperature Luttinger liq- 
uid. Note that it is reasonable to expect a much larger 
crossover region for the 6'-axis transport, than for the c* 
axis given the much higher value of the transfer integral 
in this direction. 

The optical data along the c* axis [33 is compati- 
ble with the above conclusions. The c*-axis resistivity 
measured at 24 GHz possess the semiconductor-like be- 
havior (dpc* /dT < 0) in the high-temperature region 
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100 K < T < 200 K with the power-law Pc'{T) cx T""-^. 
From this power-law we obtain Kp = 0.20, again in rea- 
sonable agreement with the other determinations of the 
Luttinger- liquid exponent. The interpretation of the h'- 
axis optical data is more complex. Given the above in- 
terpretation of the dc transport the system is clearly 
in the two-dimensional regime for temperatures below 
100 K and still in the crossover regime even up to room 
temperature. Thus an interpretation of the optical data 
along the b' direction can only be done by using a two 
dimensional theory for the planes (e.g. along the lines of 
Ref. [i^). Note that the temperature dependence is quite 
sensitive to the moderate frequency change, as depicted 
in Fig. El After performing the conversion to constant- 
volume, we obtain p^\t) oc T"" "* in the temperature 
range 20 K< T <55 K. This is to be contrasted with 
the behavior observed in the dc transport in the same 
temperature range. The fact that a frequency of an en- 
ergy corresponding to ~ 1 K gives such a change in the 
&'-axis conductivity signals a very narrow Drude peak, 
whose behavior remains clearly to be understood. 



B. (TMTSF)2C104 

The situation is more complex for (TMTSF)2C104 
which obviously exhibits a much more two-dimensional 
behavior. As can be seen from Fig.Othe behavior along 
the a and b' axes is quite similar over the whole tem- 
perature range, while the c* axis remains clearly metallic 
with a flattening only around 300 K. This suggests that 
the crossover temperature in the case of (TMTSF)2C104 
is higher than 200 K, which means that the dc trans- 
port is totally controlled by the two-dimensional physics. 
Note that the optical data ^3 clearly shows for (TM- 
TSF)2C104 the power-law behavior of a Luttinger liquid 
at high energy, which is consistent with the existence of 
a crossover scale, but which in that case would be much 
higher than for (TMTSF)2PF6. However the dc behav- 
ior in the two-dimensional regime is still quite puzzling. 
From Fig.|3the anisotropy is approximately temperature 
independent above 150 K and roughly equal to 2. Al- 
though the constant anisotropy is indeed to be expected 
if the system is in the two-dimensional regime the value 
is quite surprising since it is much lower than the ratio 
that would be expected from the hopping integral, and 
that would be quite similar to the one actually measured 
for the case of (TMTSF)2PF6. The reason for such a 
low value remains to be understood. The increase of the 
anisotropy (of about a factor of two until the transition) 
is reminiscent of the one occurring in (TMTSF)2PF6 but 
on a much broader temperature range (100 K instead of 
less than 50 K for the later). Note also that the exponents 
for the dc transport are quite different than the ones 
for (TMTSF)2PF6. Although (TMTSF)2PF6 was hav- 
ing the exponents expected for two-dimensional planes 
in a Fermi-liquid states (T^ for a and b' axes and T for 
the incoherent hopping along c* direction) one finds, as 



shown in Fig. [SJ exponents for the three axis between 
1.15 and 1.47. 

This difference between (TMTSF)2PF6 and (TM- 
TSF)2C104, and specially the low value of the anisotropy 
ration is quite puzzling. In particular it is expected that 
a universal phase diagram would hold for the organics 
111, in which one could go from one chemical compound 
to the other by applying pressure. This property clearly 
holds for the various instabilities. It would thus be in- 
teresting to make a detailed comparison between (TM- 
TSF)2PF6 under pressure and (TMTSF)2C104 as far as 
their transport properties are concerned to check how 
much of the transport properties of (TMTSF)2C104 can 
be recovered. Note in particular that it would be unlikely 
given the amount of pressure to apply to (TMTSF)2PF6 
to change the hopping integrals sufhciently to explain, 
simply by a modification of the hopping integrals, the 
low anisotropy ratio observed in (TMTSF)2C104. 

V. CONCLUSION 

The comparison of the power-laws found in the tem- 
perature dependent dc and microwave resistivity of (TM- 
TSF)2PF6 and (TMTSF)2C104 yields a complex picture. 
The quadratic behavior found along the chains of (TM- 
TSF)2PF6 is reduced to pa{T) cx T^-^ above the dimen- 
sional crossover around 70 to 100 K; in (TMTSF)2PF6 
we find a maximum in the resistivity pc* (T) around 80 K. 
The longitudinal and transverse properties in this mate- 
rial are qualitatively consistent from what it to be ex- 
pected from a system of coupled one-dimensional chains, 
having a crossover from a Luttinger-liquid at high tem- 
perature to a two-dimensional (Fermi liquid) like behav- 
ior at low temperatures. 

On the contrary, even if optical data shows in (TM- 
TSF)2C104 a one dimensional Luttinger-Hquid behavior 
at high energy, the dc transport shows clearly that be- 
low ambient temperature, (TMTSF)2C104 is in a two- 
dimensional regime. The third direction of (TMTSF)2- 
CIO4 is metallic in the entire temperature range with 
some indications to a semiconducting behavior above 
room temperature, indicating that the crossover temper- 
ature should be above ambient temperature. Quite sur- 
prisingly the anisotropy ratio, of about 2, is quite low 
and much lower that what would be expected from the 
ration of the transfer integrals. Given the idea of a uni- 
versal phase diagram where change of chemistry would 
be equivalent to pressure, these measurements suggest a 
careful comparison between (TMTSF)2PF6 under pres- 
sure and (TMTSF)2C104 to determine the similarities 
and differences of the two systems. 
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